Here, we introduce deep eutectic solvent (DES) -silica composites as a promising candidate for solid composite electrolytes (SCEs). The proposed DES-based gel electrolytes, further referred to as eutectogels (ETGs), are characterized by high ionic conductivity (1.46 mS cm -1 ), thermal (up to 130 °C), and electrochemical stability (up to 4.8 volts) and are chemically inert to solvents and water. These ETGs can be easily processed and potentially at lower costs compared to ionic-liquid-based composite electrolytes. The good prospects of ETGs for application in Li/Li-ion batteries are demonstrated by stable cycling of Li/ETG/LiFePO 4 cells over 100 cycles at C/10.
INTRODUCTION
The thirst for better rechargeable batteries parallels the recent rise in the public's and governments' awareness of climate change and global warming. Such batteries are essential in order to realize the electrification of road transport and residential storage of renewable energies. For these applications, a gradual move beyond the stateof-the-art Lithium-ion batteries (LIBs) is inevitable on account of their potential safety hazards, high price, and gravimetric/volumetric storage limits. These shortcomings are believed to be resolved to a great extent by the development of an ideal solid electrolyte. 1 The organic liquid electrolytes in conventional LIBs are flammable, prone to excessive oxidation at potentials as low as 4.2 V vs. Li, and unable to stop the growth of lithium dendrites.
2-4 Hence, a Li-ion conductive solid electrolyte with a broader electrochemical and thermal stability is highly desired in order to enable the deployment of next generation of insertion cathodes, e.g., high voltage LMNO, and to revive the ancestor of LIBs, i.e., Li-metal batteries (LMBs).
In recent years, the concept of solid composite electrolyte (SCE) has aroused considerable interest in the battery community. 3, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] A liquid electrolyte is immobilized in a solid skeleton resulting in a SCE which is then endowed with the synergies from both components. Ionogels are good examples of SCEs in which an ionic liquid is confined within an inorganic (e.g., Silica), or hybrid (e.g., Silica-PVDF-co-HEA) solid matrix. 3, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] A new class of solvents have emerged recently, i.e. the deep eutectic solvents (DES).
18-21 These solvents share many attributes with the ionic liquids among which a low vapor pressure and non-flammability. However, they benefit from additional advantages such as ease of fabrication and low cost of components. 19, [21] [22] [23] [24] An ionic liquid is a pure substance composed of a discrete cation and anion, the bulkiness of these ions lowers the melting point of the salt well below room temperature. 21, 25 On the other hand, a DES consists of an eutectic mixture of two or more substances. In contrary to the ionic liquids, DES systems are formed by complexation of ions with Lewis and/or Brönsted acids and bases. 21 The complexation reaction results in large non-symmetrical ions, which lower the lattice energy and hence the melting points. Boisset et al. extensively investigated DES systems composed of lithium Bis(trifluoromethane)sulfonimide lithium salt (LiTFSI) and acetamide for application in Li-ion batteries and capacitors. [26] [27] [28] Here, we introduce eutectogels (ETGs) as a new class of SCEs in which a DES is confined within a silica matrix. ETGs are prepared over a broad range of compositions via a non-aqueous sol-gel route and further characterized by FT-IR and TGA/DSC/MS methods in order to measure their chemical and thermal stabilities, respectively. The ionic conductivity and electrochemical stability window 2 of ETGs are further determined by means of electrochemical impedance spectroscopy (EIS) and Voltammetry experiments. Finally, the as prepared ETGs are galvanostatically cycled in Li | ETG | LiFePO 4 coin cells and their prospects for applications in LIBs and LMBs are discussed.
EXPERIMENTAL

Materials
Formic acid (FA, puriss. p.a., ACS reagent, reag. Ph. Eur., ≥98%), bis(trifluoromethane)sulfonimide lithium salt (LiTFSI, 99.59% trace metals basis), tetraethylorthosilicate (TEOS, reagent grade, 98%), and nmethylacetamide (NMAC, ≥99%) were purchased from Sigma Aldrich. All reagents were used as received.
Preparation of ETG nanocomposite electrolytes
The deep eutectic solvent was synthesized according to the procedure by Boisset et al. [26] [27] [28] LiTFSI and NMAC were added together in a 1:4 molar ratio, and stirred vigorously for 3 hours in a nitrogen-filled glove box (H2O < 0.1 ppm, O2 < 0.1 ppm), until a transparent liquid was obtained. The ETGs were prepared using a non-aqueous sol-gel route, as is common knowledge in literature. 7, 9, 14 First, TEOS was added to formic acid (molar ratio TEOS:FA = 1:8.7) and vigorously stirred until a homogeneous solution was obtained. Subsequently, the desired amount of silica precursor was added to the deep eutectic solvent and stirred for 5 minutes until a homogeneous, transparent, colorless solution was obtained. Five different ETGs were prepared with different loading of DES inside the silica framework (Table 1) , keeping the respective molar ratios of NMAC/LiTFSI and TEOS/FA constant. The solution was cast into PDMS moulds, serving as templates for circular membranes, in ambient air, and cured overnight at room temperature in ambient air until gelation was complete. Next, the ETGs were dried at 45 °C on a hot plate in ambient air for 72 h in order to remove the excess of formic acid and side products. Subsequently, the electrolytes were dried at 80 °C under high vacuum (Büchi glass oven B-585) for 16 hours and transferred into an argon-filled glove box (H2O < 0.1 ppm, O2 < 0.6 ppm, Sylatech). ETG membranes with a thickness of maximum 2.4 mm were obtained.
Preparation of the Li | ETG | LFP cells
The LiFePO 4 (LFP) electrodes were fabricated from a slurry of LiFePO 4 (MTI corporation), carbon black (Super C65, Imerys) and PVDF (Alfa Aesar) in n-methyl-2-pyrrolidone (Alfa Aesar, 99.0%+) with a weight ratio of 80:10:10. The well-mixed slurry was tape casted on Al foil and further dried at 110 °C for 16 h in order to obtain electrodes with an approximate thickness of 6.5 µm and an active-material loading of 0.9 mg cm -2 . The Li/ETG/LFP coin cells (LR2025) were assembled in an argon-filled glovebox by placing LFP electrode in front of a Li foil separated by ETG in between. The cells were left at rest for 24 hours.
Characterization (Physico-)chemical characterization
The morphology of the ETGs was characterized by scanning electron microscopy (SEM, FEI Quanta 200 FEG-SEM equipped with secondary and back-scattered electron detectors). Additionally the DES was extracted from the ETGs with milliQ water by sonication (30 minutes) and centrifugation (15 minutes, 14.000 g) for three times. The obtained precipitate was dried and characterized with transmission electron microscopy (FEI Technai G2 Spirit Twin electron microscope, operated at 120 kV) and nitrogen physisorption with an Autosorb IQ station 1 to elucidate the nanostructure of the silica framework. The water content of the ETGs was evaluated by coulometric Karl-Fisher titration (Metrohm Titrando). Thermogravimetric analysis (Q500 TA instruments) coupled with mass spectrometry (Q5000 TA instruments, Pfeiffer quadrupole MS, High-T Pt sample pan) of the ETGs was carried out from room temperature to 600 °C at 10 °C min -1 under a nitrogen atmosphere (60 ml min -1 ). The TGA chamber was flushed with nitrogen gas for 20 minutes before starting the measurement. Calorimetric experiments were carried out by a differential scanning calorimeter (DSC, TA Instruments Q200) from -90 °C to 60 °C (heating rate 10 °C min -1 ). The ETGs were enclosed in an aluminium pan and cycled under a nitrogen flow of 50 ml min -1 . The DSC chamber was flushed with nitrogen gas for 20 minutes before starting the measurement. The viscosity of the DES was analyzed with a TA instruments ARG2 Rheometer, cone geometry, 25 °C peltier plate, shear rates ranging from 1 to 1000 s -1 . The composition of the ETGs was determined with inductively coupled plasma atomic emission spectroscopy (ICP-AES, Perkin Elmer Optima 8300) and the Kjeldahl method. The latter was used to determine the nitrogen content of the ETG. For the determination of lithium and sulphur, the DES was extracted from the ETGs with milliQ water by sonication (30 minutes) and centrifugation (15 minutes, 14.000 g) for three times. Subsequently, the obtained extract was analyzed with ICP-AES. The ETGs, silica and standalone DES were dispersed in a KBr pellet (0.4 mass%) and analyzed by means of FTIR (Bruker Vertex 70, 32 scans, scan range 4000-400 cm -1 , resolution 4 cm -1 ) at room temperature.
Electrochemical characterization
3
The ionic conductivity of the ETG electrolytes was measured for a broad range of temperature (-14 °C to 55 °C using a VWR AD15R-30 thermostat) by conducting the electrochemical impedance spectroscopy (EIS) tests in a symmetric Li/ETG/Li Swagelok-type cell. EIS (Autolab PGSTAT302N) was performed by perturbing the opencircuit potential with an AC sinusoidal potential of 10 mV amplitude over a frequency range of 0.1Hz to 1 MHz. Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) tests (Autolab PGSTAT302N) were carried out in order to investigate the electrochemical stability of ETG membranes at room temperature. To do so, ETG membranes were placed in a coin cell between stainless steel (working electrode) and lithium (reference/counter electrode) and further the potential was swept between -1 V and 5 V vs. Li + /Li for the CV while the limits 0 V and 5.5 V vs. Li + /Li were used in the LSV measurements, both at a scan rate of 10 mV s -1 . The Li | ETG | LFP cells were galvanostatically cycled at different C-rates for 10 cycles each, namely C/20, C/10, C/5, C/2 and C/1 , between 2.5 and 4.2 V (Bio-Logic BCS-805) to determine the ratecapability.
Long term cycling tests were conducted at a constant C/10 rate. The C-rate was defined assuming a theoretical capacity of 170 mAh g -1 for LFP electrodes. The ratecapability and cycling tests were repeated on similar Li/ETG/LFP cells assembled with a conventional liquid electrolyte, i.e., 1M LiPF6 in 50/50 vol% EC/DEC, for purpose of comparison.
RESULTS AND DISCUSSION
The Li + -conducting deep eutectic solvent (DES) is a blend of n-methylacetamide and bis(trifluoromethane)sulfonimide lithium salt, further referred to as NMAC and LiTFSI. Recent investigations of DES suggest an optimal molar ratio of LiTFSI:NMAC = 1:4 for applications in Li-ion batteries and capacitors. [26] [27] [28] In the present study, the same DES composition is used in order to synthesize the nano-composite solid electrolytes in which DES is confined within a silica matrix by means of a non-aqueous sol-gel route (figure 1a). Predetermined amounts of DES were mixed with a blend of formic acid (FA) and tetraethyl orthosilicate (TEOS) to obtain 5 hybrid liquid/solid nano-composite electrolyte with increasing DES loading (ETG-X, X=1 to 5, as clarified in Table 1 ). The FA:TEOS ratio is kept constant at 8.7, similar to other works on ionogels. 8, 9, 12 The gels were dried under vacuum to remove the formic acid catalyst and silica condensation side-products, i.e. ethanol and water. Karl-Fisher titrations tests confirmed that the water content of the dried gels are below 200 ppm. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The cross section of the ETGs clearly showed a porous structure filled with the DES. These morphologies have also been observed in traditional ionogels and are believed to enhance liquid-like Li + mobility within the porous nano-composite. 5, 7, 9 The porous structure of ETGs was further confirmed by nitrogen physisorption of the silica framework after removal of the DES by means of extraction. The isotherms of the ETGs display a type IV(a) shape with H2 hysteresis, indicating the presence of uniform micro and meso-scale pores, see figure S1 . The BET and BJH analyses were used to determine the apparent surface areas, between 500 and 710 m² g -1 , and the pore volumes. The latter shows a clear linear correlation with the loading of the DES inside the ETGs. The lower pore volume of pure silica demonstrates the pore forming role of the DES. The pore size distributions were calculated with the non-localized density functional theory (NLDFT) approach and shown in figure S2 . The pore sizes distribution reveals multiple pore size maxima. Hence, the mean pore size in Table 1 is defined as the with diameter with the highest contribution to the pore volume. These results are further supported by the TEM images, showing the formation of cross-linked aggregates from nano-size silica particles, leading to a porous structure (figure 1e).
Ionogels made by a non-aqueous sol-gel route have been widely demonstrated in literature, proving the stability of ionic liquids in acidic media. 5, 9-12, 14, 29 To our best of knowledge, however, there is no report of DES-based ionogel electrolytes in the literature. Hence, we examined the stability of DES against the non-aqueous sol-gel route by means of FT-IR.
The FT-IR spectra of the standalone DES and silica are reported for sake of comparison together with the ETGs (Figure 2) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 39 We argue that the low processing temperature of 80°C is insufficient to fully condensate the silica framework whereas in fumed silica or silica glasses the high annealing temperature allows the full condensation. The presence of such absorption bands have been described in literature as well for other low-temperature processed silica particles. 39 Additionally, the lack of complete silica condensation suggests an open silica framework structure, as observed in the nitrogen physisorption analysis. The absorption bands at 3480 cm -1 and 1640 cm -1 are assigned to the stretching and bending vibration of adsorbed water, respectively. The FT-IR spectra of the standalone DES contain all the prominent bands associated with the NMAC and LiTFSI. The amide A band (composed mainly of the N-H stretch vibration) contains primarily the vibration at 3410 cm -1 with a shoulder around 3326 cm -1 . The first band can be assigned to the N-H stretch vibration of the amide with a very weak hydrogen bond with the bulky TFSI -anion. 31, 32, 37 The N-H stretch around 3326 cm -1 is red-shifted due to more effective hydrogen bonding with the other amide molecules. The band located at 3600 cm -1 can be attributed to absorbed water in the liquid DES. The characteristic vibrations observed in the FT-IR spectra of ETG are summarized in Table 2 . [30] [31] [32] [33] [34] [35] [36] The silica content of the ETGs is limited, i.e. 10 m% for the ETG-5 up to 20 m% for the ETG-1. Hence the DES vibrations will dominate. Nonetheless, the FT-IR spectra of the ETGs are found to be a good superposition of the standalone DES and SiO 2 spectra. We observe that the absorption bands between 1400 cm -1 and 1000 cm -1 of the ETGs are stronger in intensity compared to those of standalone DES due to the superposition with the strongly absorbing vibrations of the SiO 2 framework in this spectral region. The same argument applies for the absorption bands between 3600 cm -1 and 3000 cm -1 . Meanwhile the ETGs absorption bands between 700 cm -1 and 500 cm -1 in the fingerprint region are weaker in intensity as strong SiO 2 vibrations are absent. New absorption bands are not present in the FT-IR spectra and the vibrations associated with DES remain at the same respective wavenumbers.
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The thermal stability of ETGs was studied by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). The onset temperature for degradation of ETGs is found to be 131 °C (Figure 3a) which is lower than that ionogel electrolytes reported in the literature, i.e. onset temperatures 195 °C-390 °C.
9, 14 A two-step mass loss is observed. TGA with on-line MS is used to identify the evolved gasses corresponding to the decomposing or evaporating species corresponding to both mass losses (Figure 3d ). The first gradual mass loss from 131 to 300 °C corresponds to the evaporation of the NMAC species out of the binary deep eutectic solvent, evident from the m/z signals of 73, 58 and 26. The second mass loss with an approximate onset temperature of 413 °C can be assigned to the thermal degradation of the LiTFSI component. The degradation temperature is well-known in the literature and further confirmed by the m/z signals 69 and 64. [40] [41] [42] These insights clearly prove that low boiling point of NMAC (204 °C for pure, i.e. no eutectic system) is responsible for the degradation at 131 °C. Hence, further enhancement in thermal stability of ETGs can be realized by using solvents with a higher boiling point. According to thermograms, the molar ratio between LiTFSI and NMAC in ETGs is higher than that of DES, i.e., 0.25. This discrep-7 ancy can be attributed to the evaporation of NMAC during the drying step of ETGs prior to TGA analysis. The molar ratio between LiTFSI and NMAC were determined for ETGs following an elemental analysis, ICP-AES, and Kjeldahl-method based on the fluoride and nitrogen content. 43 All samples were found to have a LiTFSI:NMAC molar ratio of 0.40±0.03, corresponding to a 50% loss of NMAC during the drying step. No traces of formic acid or ethanol were found with TGA-MS, Figure 4 : Arrhenius plot of the ionic conductivity determined from symmetric Li/ETG/Li cells.
confirming their complete removal during the drying steps, see figure S3 . A new reference liquid DES was prepared with LiTFSI:NMAC ratio of 4:10 and was used for further analyses in this work. The onset temperatures for the evaporation and degradation of NMAC and LiTFSI in ETGs, i.e. 131 °C and 413 °C, respectively, are higher than those of reference pure DES, i.e. 112 °C and 369 °C. The observed reprieve from evaporation of NMAC and degradation of LiTFSI is a clear evidence for strong confinement of DES within the silica framework. Subsequently, differential scanning calorimetry was used to investigate phase transitions in ETGs. The samples were cooled to -90 °C and heated to 60 °C for two cycles, which both resulted in identical profiles of both cycles and reference DES.
The DSC profiles for reference DES and ETGs are shown in figure 3b , which reveal two melting points. The reference DES shows the onset melting point, correlated with the solidus, at a temperature of -61. Table 3 : The ionic conductivities, activation energy and electrochemical stability window of the ETGs.
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The DSC analysis suggests that DES content of ETGs remains in a liquid state at room temperature which is very beneficial for transport properties of the electrolyte, e.g., ionic conductivity.
One of the main challenges that impedes the deployment of solid electrolytes is their rather low ionic conductivities at room temperature. The EIS analysis of ETGs, however, shows promising results for ionic conductivity, i.e. as high as 1.46 mS cm -1 at room temperature in ETG-5 (Table 3 ). For comparison, the DES itself displays an ionic conductivity around 1.5 mS cm -1 at room temperature as found by Boisset et al. 26 The ionic conductivity of ETGs as a function of temperature is plotted in Figure 4 between -14 °C and 55°C. In this plot, a discontinuity is recognized around 10 °C, which suggests that conduction energetics for charge carriers are different at temperatures below and above 10 °C. This energetics change might be attributed to the appearance of the LiTFSI solid phases below 10 °C, which was suggested by means of DSC analysis, i.e. a broad but minor endothermic melting signal is found around -3.64 °C for the reference DES (Figure 3b) . A similar phenomenon has been reported for other quasi solid-state electrolytes. 5, 29, 44 The activation energies for ionic conduction in ETGs were further determined to be 0.56±0.08 eV and 0.9±0.1 eV for temperatures higher and lower than 10 °C, respectively. The linear sweep voltammograms (Figure 5b ) of ETGs at room temperature are devoid of any significant current peak between 1.1 and 4.8 V (vs Li + /Li).The oxidation of the electrolyte starts beyond 4.8 V similar to observation of Boisset et al for DES. 27 This oxidation threshold is lower than that reported for Ionogels based on ionic liquids with LiTFSI salt, i.e., 5 to 5.2 V (vs Li + /Li). 9, 10, 14 Hence, we speculate that NMAC is the main culprit for the lower anodic stability in ETGs. Nonetheless, the anodic stability of ETGs is good enough for the state-of-the-art positive electrodes in lithium-ion batteries, e.g., lithium cobalt oxide (LCO), lithium iron phosphate (LFP), lithium nickel manganese cobalt oxide (NMC), lithium nickel aluminium oxide (NCA), lithium manganese oxide (LMO). There are, however, good prospects for application of ETGs in high-voltage cathodes, providing the substitution of NMAC with a more stable candidate, perhaps 2-oxazolidinone.
Two small current peaks (Figure 5b ) are observed around 1.1 and 2.2 V (vs. Li + /Li). At this moment, we can only surmise that the water traces present in the ETGs (<200 ppm) and silicon groups are responsible for the observed electrochemical activity at the latter and former potentials, respectively. 14, 27 Cyclic voltammograms of the DES (figure S4), in absence of silica, reveal the same features but are devoid of any signal around 1.1 V, confirming its origin to be the silicon groups. The cyclic voltammograms of the ETGs (Figure 5a ) support the results of LSV tests. The onset of cathodic current at -0.2 V and the anodic current peak at 0.2 V correspond to the plating and stripping of lithium at the stainless-steel working electrode, respectively.
The thermal and electrochemical stability of ETGs are barely sensitive to DES load, while higher DES content in the formulation of ETGs is greatly in favor of fast ionic conduction (Figure 4) . We expect as well a better wetting of the electrodes when higher DES loads are employed, which in turn lowers the resistance at the electrolyte/electrodes interface. Hence, the performance of ETG-5 was further investigated in a coin cell with lithium-ironphosphate (LFP) and Li as the cathode and anode, respectively. 
9
The specific capacity of Li/ETG/LPF cell increases from 110 to 114 mAh g -1 after the first 10 cycles at C/20 ( Figure  6b ). Smaller discharge capacities are further obtained upon increase in the C-rate, i.e., 70 mAh g -1 at 1C. We notice further rise in capacity (122 mAh g -1 ) of the cells on completion of the rate-capability test and when the current is restored to the starting C-rate, i.e., C/20. Our primary investigations suggest that the presence of such an activation period is the result of a rather sluggish wetting of the LFP with ETG electrolyte. This speculation is supported by the high viscosity of reference DES (162.2 cp at shear rate of 10 s -1 ) and similar observations reported in the literature for ionic-liquids. 10, 11, 29 The performance of the ETG based cells is very similar to the cells we assembled with conventional liquid electrolyte, i.e. 1M LiPF 6 in 50/50 vol% EC/DEC. For instance, the discrepancy between the discharge capacity of the ETG-based and conventional cell is about 10% independent of C-rate, respectively (see figure S5 ).
The long-term cycling of the cell was investigated via continuous charge-discharge at a constant rate of C/10 over 100 cycles. Similar to the cells in the rate-capability test, the capacity increases in the first 10 cycles from 96 to 104 mAh g -1 . A capacity of 112 mAh g -1 is reached after cycle 60. The cell performance remains very stable ( Figure 6a ) and with a coulombic efficiency well above 99.4 %. This result was further highlighted in the differential capacity plots (Figure 6c) . Here, the position of insertion/deinsertion peaks after the first few cycles (3.37/3.47 V) stabilize at 3.38/3.46 V and remain unchanged for the rest of cycles. Additional peaks are observed in the first cycles but disappear upon further cycling. These peaks might be ascribed to the impurities (e.g. residual water) and will be further investigations in the future studies.
CONCLUSIONS
ETGs were introduced as a new class of solid composite electrolytes and prepared easily via a non-aqueous sol-gel route. The deep-eutectic solvent (i.e., NMAC and LiTFSI) in the formulation of ETGs is well compatible with the acidic conditions of the sol-gel process. These solid composite electrolytes demonstrate an acceptable thermal stability (130 °C) together with a broad electrochemical stability window (1.1-4.8 V) and high ionic conductivity at room temperature (1.4 mS cm -1 ). The Li/LFP half cells assembled with ETGs, deliver stable and reversible specific capacity of 105 mAhg -1 at 0.1C and 17 °C for over 60 cycles. Our findings suggest a good prospect for application of ETGs in LIBs and LMBs, hence opening up new horizons towards safer, cheaper and more performant batteries. The insights gained in this research pave the road for further improvements to the system, and will trigger more investigations and development of this new class of electrolytes.
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